loss of residual myocardial cells ties. The generation of tension during passive stretch in cardiac muscle is mainly carried by two components: and Chien, 2002) . In the heart, this mechanical stress primarily arises from increases in cardiac chamber volthe intrinsic cytoskeletal protein titin and extracellular collagen (Granzier and Irving, 1995; Wu et al., 2000 ; for a ume and pressure, secondary to myocardial injury or hypertension. In this regard, in vivo biomechanical review, Trombitas et al., 2000) . Studies in rat trabeculae (Granzier and Irving, 1995) have identified titin as the stress has been documented to trigger the activation of multiple signaling pathways, which enhance myocardial major component that mediates the tension generated following increases in passive muscle stretch thereby cell survival and prevent the onset of dilated cardiomyopathy (Hirota et I, and neonatal mouse myocardial cells were plated diHere, we present a combination of biochemical and rectly on the membranes. Then, cells derived from either biophysical studies in MLP deficient cardiac muscle prowild-type or MLP Ϫ/Ϫ ventricles were exposed to either viding evidence suggesting that an MLP/T-cap complex a biomechanical stimulus of a 10% passive stretch or is an essential component of the cardiac mechanical hormonal hypertrophic agonists. We selected brain nastretch sensor machinery. Screening of over 1400 patriuretic peptide (BNP), a sensitive in vivo cardiac metients identified a human MLP mutation (W4R) that rechanical load indicator, and a clinically reliable index of sults in the complete loss of T-cap interaction, the misloheart failure (Maisel, 2002) , as a molecular marker of calization of T-cap, and a strong association with DCM. stretch-regulated responses. As noted in Figure 1E , Haplotype analysis of nine W4R patients from distinct MLP ϩ/ϩ cells displayed marked induction of BNP mRNA, families suggests a founder effect in a subset of the in response to exposure to a 10% passive stretch stimuEuropean population. We propose that defects in the lus for 24 hr. In contrast, the MLP Ϫ/Ϫ cells displayed a MLP/T-cap/titin component of the cardiac muscle mecomplete loss of BNP induction following exposure to chanical stretch sensor links cardiac Z disc proteins an equivalent stretch stimulus, while a bonafide horwith human dilated cardiomyopathy and heart failure. Ϫ/Ϫ mice revealed normal cardiac structural lus. We also examined atrial natriuretic factor (ANF), and functional phenotypes at 2 weeks of age, with chamanother widely used marker of the cardiac embryonic ber dilation and contractile dysfunction appearing apgene program. The enhancement of ANF expression by proximately at 4 weeks of age ( Figure 1A ). This agestretch was similarly suppressed in MLP Ϫ/Ϫ cardiomyodependent progression of heart failure offered an early cytes (data not shown). Thus, there is a primary, selectime window to analyze the primary defects of MLP null tive defect in the cardiac muscle passive stretch sensing myocardium in animals with normal cardiac phenotypes.
in the MLP Ϫ/Ϫ animals, which reflects an intrinsic abnorTo detect subtle intrinsic mechanical abnormalities in mality of titin-related passive stretch response proper-MLP Ϫ/Ϫ myocytes, we exposed papillary muscles to inties within cardiomyocytes. cremental passive stretch by increasing the length of the contracting cardiac muscle. Subsequently, we monitored the tension generated as a biophysical estimate
The Z Disc Protein MLP Associates with T-Cap, a Titin Binding Protein of downstream stretch activation responses.
As shown in Figure 1C , the MLP Ϫ/Ϫ papillary muscles To identify the molecular components that underpin stretch sensor pathways, we characterized the protein displayed a severe intrinsic defect in tension development for a given increase in muscle length. On the other partners, which interact directly with MLP in cardiomyocytes. Via a yeast two-hybrid screening, a total of over hand, there was no difference in the recovery from this maximal passive stretch stimulus in MLP deficient papil-10 6 clones were screened, and about 650 positive clones were sequenced. ␣-actinin was identified as a strongly lary muscle as the muscle returned to its original length.
The time constant of the recovery from an active coninteracting protein ( Figure 5C ). Two-point linknary artery disease. In addition, cases with significant age analysis was carried out for 7 German DCM families, hypertension or other major causes of heart failure were excluded. An age-matched control Caucasian popularesulting in a combined two-point lod score of 2.62. This analysis was limited by the size of pedigrees and age DCM and 134 Japanese DCM patient populations were subjected to single-stranded conformation polymordependent penetrance.
The W4R mutation is located outside of the LIM dophism (SSCP) analysis to search for additional MLP mutations, however, no additional MLP sequence variamains (see Figure 2D ) and is highly conserved in avian through human MLP protein sequences, as well as tions were detected. To confirm the founder effect of the W4RMLP mutaacross related members of the CRP gene family. The W4R mutation was not found in 320 control patients, tion, we analyzed multiple microsatellite markers in the proximate region of the MLP gene. Genotyping revealed indicating a highly significant association of the W4R mutation with DCM phenotype by exact Fisher test anala shared haplotype of the mutation and 4 microsatellite markers ‫2ف(‬ Mb) in 4 of the families (p ϭ 0.081) (shown ysis (P Ͻ 0.01). During the analysis of the entire MLP coding sequence, another MLP variation was found in in families 1 and 2 in Figure 5C ) and 3 microsatellite markers ‫47ف(‬ Kb) in 8 of the families (p ϭ 0.079). The several individuals; however, this single nucleotide exchange is silent and appears also in normal human popallele (2) for D11S5039 was shared by all affected members of the 9 German DCM families (seen in family 3 in ulations, its distribution is not significantly different between the control and DCM population (see GenBank Figure 5C ) (p ϭ 0.005) and was not found in unaffected subjects from these families or in 120 control chromohuman MLP coding sequence NM_003476, codon 112, position 3 G to A). The presence of W4RMLP mutation somes from ethnically matched subjects. Given the presence of a MLP-T-cap interaction, we was examined in another distinct well-characterized DCM patient population with a large number of control also screened for mutations in T-cap via SSCP and direct gene sequencing in 380 DCM patients with 100 individuals at the Kobe University Hospital in Japan (Figure 5B) . These studies found no evidence of the W4R controls from the collected population at the University Hospital Benjamin Franklin in Berlin and found a T-cap mutation in either the control or DCM Japanese populations, suggesting a founder effect of the W4RMLP mutamissense mutation (R87Q) in one DCM patient who does not have the W4RMLP mutation, whereas this mutation tion in the European population. In addition, 190 German al., 1998). In addition, our data supports the concept (Yamazaki et al., 1998) . The current study now provides that T-cap binding to MLP is critical for maintenance of functional evidence that the titin/Z-disc structure is an the cardiac Z disc, and that in the absence of MLP, essential part of a complex that triggers downstream additional mechanical stress facilitates the mislocalizaeffector pathways following mechanical stretch. tion of T-cap from the titin complex, which is linked to The titin protein contains intrinsic elastic elements the onset of Z disc defects and progressive DCM. The that maintain the normal length of cardiac muscle cells studies of the PLN rescue of the MLP mutation support during the continuous cycle of cardiac contraction and this concept, as PLN ablation rescues both the Z disc relaxation (Helmes et al., 1996) . The possibility exists defects and the T-cap mislocalization concomitantly. that the chamber dilation seen in the MLP deficient mice Interestingly, we also found a T-cap mutation (R87QT-simply reflects an additional defect in the elastic recoil, cap) in a DCM patient, leading to an impaired affinity rather than passive stretch-related responses caused of MLP interaction. In this study, the MLP interacting by titin abnormality during DCM progression. domain of T-cap was mapped at amino acids 53-81, However, a detailed analysis of the recoil properties thus, we speculate the R87Q mutation causes allosteof MLP Ϫ/Ϫ papillary muscle reveals a completely normal ric effects on the MLP-interacting domain. Previous response and supports the concept that the defect that studies have identified two titin mutations (Val54Met and leads to chamber dilation is not simply secondary to a Ala743Val) at the T-cap and ␣-actinin binding domain structural defect that prevents recovery of the muscle in Japanese DCM patients and these titin mutations to the initial sarcomeric length following the stretch stimcaused a weaker interaction between titin and T-cap/ ulus, but rather is related to an inherent inability to sense ␣-actinin (Itoh-Satoh et al., 2002) . These results suggest the mechanical stretch stimulus and to generate a prithat the defect in MLP/T-cap interaction caused by gemary effect on muscle tension. In this regard, previous netic mutations could be causative for the development studies indicate that titin also contributes to the tension of a subset of human DCM through the conformational that is generated by increasing passive stretch of carand/or functional modifications of titin as an essential diac muscle (Granzier and Irving, 1995 
the R87Q mutant of T-cap, found in a single DCM patient, fraction in MLP deficient hearts. The latter finding provides direct evidence that MLP is required for the stabiliwas also unable to form a stable complex with MLP via yeast two-hybrid molecular interaction analysis (data zation of T-cap with the titin complex. The mechanism by which MLP stabilizes T-cap at the Z disc is not clear not shown), providing further independent evidence that the loss of MLP-T-cap interaction is associated

Genotyping and Linkage Analysis
Four microsatellite markers within 2 cM of MLP were used to genoExperimental Procedures type all available subjects from the 9 German DCM families to evaluate the possibility of a founder effect. Two of these markers Stress-Strain Relationship in Papillary Muscles (D11S1981 and D11S2368) were available in public databases and Mouse hearts were arrested and isolated in modified Tyrode's solu-2 of the markers (D11S5038 and D11S5039) were designed by tion, the papillary muscles were surgically exposed, and the base searching the public genome database sequence for short tandem of the anterior papillary muscle was pinned to the bottom of a fluidnucleotide repeats in the MLP region (www.gdb.org). The marker filled bath and a 7-0 silk suture was tied to cordae tendineae and order and approximate genomic distances are as follows: D11S1981 connected to isometric force transducer (Harvard Apparatus). Tita-(distance to W4RMLP ‫2ف‬ Mb), D11S2368 (distance to W4RMLP nium dioxide markers were arrayed on the surface of the muscle ‫07ف‬ Kb), D11S5038 (distance to W4RMLP ‫31ف‬ Kb), W4RMLP, (disand a mirror was placed at 45Њ next to the muscle for the side view, tance to W4RMLP ‫4ف‬ Kb) D11S5039. Genotype assignments and allowing us to compute two-dimensional finite strain from video haplotype analysis were performed as previously described ( Family members with a mild phenotype were included. Disease videotaping deformations of the muscle. Diastolic stress data points status of subjects younger than 30 years was considered to be were chosen immediately before the onset of contraction to ensure unknown. Combined lod scores were calculated with a disease that the muscle was completely relaxed. Local muscle length was penetrance of 90% and a phenocopy rate of 0.001. Shared haplomeasured at the same time points with respect to the unloaded types were evaluated by transmission dysequilibrium testing using state using the markers. Yielding is the change in length (passive the ETDT program (Sham and Curtis, 1995) for all 9 German families stretch) at 0 load (tensile stress) after a stretching protocol. Values and all 4 microsatellite markers and the mutation using the same are normalized to the slack length before stretch. criteria as above.
Passive Stretch-Induced Neonatal Mouse Electron Microscopy Cardiomyocytes BNP Expression
For electron microscopy, freshly isolated heart was quickly cut into Mouse ventricular cardiomyocytes were isolated from day 0-2 1-2 mm squares and submerged in 3% gluteraldehyde/0.1 M phosmouse neonates as described previously (Wollert et al., 1996) 
